Low-temperature X-ray photoemission electron microscopy (X-PEEM) is used to measure the electric potential at domain walls in improper ferroelectric Er0.99Ca0.01MnO3. By combining X-PEEM with scanning probe microscopy and theory, we develop a model that relates the detected X-PEEM contrast to the emergence of uncompensated bound charges, explaining the image formation based on intrinsic electronic domain-wall properties. In contrast to previously applied low-temperature electrostatic force microscopy (EFM), X-PEEM readily distinguishes between positive and negative bound charges at domain walls. Our study introduces an X-PEEM based approach for low-temperature electrostatic potential mapping, facilitating nanoscale spatial resolution and data acquisition times in the order of 0.1-1 sec.
Fueled by the idea of domain-wall-based nanoelectronics [1] [2] [3] [4] [5] [6] , tremendous progress has been made over the last decade in measuring the nanoscale physical properties at ferroelectric domain walls 7, 8 . Particularly interesting are so-called charged domain walls in ferroelectrics which, depending on their charge state (positive or negative) and the applied electric field, can either be insulating or conducting compared to the surrounding bulk 16 . This foreshadows the possibility to create, e.g., atomic scale wires, switches, gates and transistors 4, 9, 10 . The progress in the field is enabled by the continuous advancement of established high-resolution imaging techniques, as well as the development of new microscopy approaches. Modern scanning transmission electron microscopes, for example, allow to measure the atomic and chemical structure at domain walls with atomic scale precision 9 . Scanning probe and scanning electron microscopy (SPM and SEM) have become mainstream techniques for accessing domain-wall related transport phenomena [11] [12] [13] [14] [15] [16] [17] [18] , electrostatics 19, 20 and magnetism 21 . More recently, Xray photoemission electron microscopy (X-PEEM) and low energy electron microscopy (LEEM) have been employed to study emergent domain wall physics with nanoscale spatial resolution [22] [23] [24] .
Despite the growing diversity of microscopy methods, the more fundamental investigation of domain walls at low temperatures remains surprisingly difficult. Pioneering studies mostly rely on low-temperature SPM, which enabled the observation of conductance at domain walls in Pb(Zr,Ti)O3 25 and Nd2Ir2O7 26 , as well as domain-wall magnetism 21 and uncompensated bound charges 20 in Er0.99Ca0.01MnO3. However, in order to go beyond these SPM-based breakthroughs, expand the currently accessible parameter space, and gain additional insight into the domain-wall nanoscale physics at cryogenic temperature, the introduction of additional low-temperature microscopy approaches is highly desirable.
Here, we demonstrate low-temperature X-PEEM as a powerful imaging and characterization tool for ferroelectric domain walls, providing so far inaccessible information about their electrostatic properties. Combining X-PEEM and SPM, we show that distinct X-PEEM contrasts arise at low temperature at positively (head-to-head) and negatively (tail-to-tail) charged domain walls in the improper ferroelectric Er0.99Ca0.01MnO3 19, 27 , which we attribute to uncompensated polarization charges. In advantage to previous EFM studies 20 , the X-PEEM experiment can distinguish between emergent positive and negative potentials and, hence, unambiguously identify head-to-head and tail-to-tail walls without the need of supplementary piezoresponse force microscopy (PFM) measurements. Furthermore, data acquisition times are in the order of 0.1-1 s, i.e., more than 100 times faster than the line-by-line image formation in EFM.
For our low-temperature X-PEEM experiments, high-quality ErMnO3 and Er0.99Ca0.01MnO3 single crystals are grown by the pressurized floating-zone method 28 , oriented by Laue diffraction, and cut into platelets with the spontaneous polarization (P||[001]) lying in the surface plane. The samples have a lateral dimension of about 4 mm and a thickness of 1 mm. To minimize topographical artifacts, the surface is chemo-mechanical polished, leading to a roughness of about 2 nm (RMS). The photo-induced charging is less pronounced at conducting tail-to-tail walls than for the insulating bulk and head-tohead walls. As a consequence, photo-excited electrons from the tail-to-tail walls have a markedly higher kinetic energy, which can be visualized by adjusting the microscope´s energy filter 22 . In contrast to ErMnO3, a homogenous energy distribution is observed for the photo-excited electrons in Er0.99Ca0.01MnO3 ( Figure 1(d) , gained at 643.2 eV). This observation is consistent with the significantly higher bulk conductivity of Ca-doped ErMnO3 19, 27 , which forbids the photo-induced surface charging, thus suppressing the formation of charging-induced domain-wall contrast at room-temperature.
At low-temperature, a distinctly different behavior is observed in Er0.99Ca0.01MnO3 as displayed in Figure 2 . After cooling to 160 K, both bright and dark lines are resolved in X-PEEM ( Figure 2 (a)). The image in Figure 2 (a) is recorded after optimizing the X-ray energy to 643.1 eV to compensate for shifts in the Mn L2,3 edge so that maximum contrast is achieved. Pt-markers designed using electron-beam lithography allow us to study the same sample position in subsequent cAFM and PFM scans presented in Figure 2 (b) and 2(c). The comparison with the cAFM and PFM data identifies the bright and dark lines in the low-temperature X-PEEM image as tail-to-tail and head-to-head domain walls, respectively. Thusdifferent from the charging-induced contrast observed in ErMnO3 at room-temperature ( Figure 1 (c))both conducting and insulating domain walls are resolved in the low-temperature X-PEEM images gained on Er0.99Ca0.01MnO3. This qualitative difference suggests that the low-temperature behavior is dominated by a mechanism other than photo-induced charging.
A detailed investigation of the photoelectron energy distribution at tail-to-tail and head-to-head walls (T = 160 K) is displayed in Figure 2 (d) and 2(e). The contour-plot in Figure 2 (d) shows the normalized energy-dependent electron yield measured along the cross section marked in Figure 2 (a). The energy-dependent data is gained by detecting local intensity variations while changing the so-called start energy Ust (the center energy of a band pass energy filter). This allows quantification of differences in the kinetic energy of photo-excited electrons 22 . Maxima of the electron distribution (light blue) are found to shift in energy at the position of the domain walls. At head-to-head walls, the electron distribution shifts to lower energies with respect to the bulk, whereas a shift to higher energies occurs at tail-to-tail walls. The latter is highlighted in Figure   2 (e), revealing an energy shift of 2.3 ± 0.2 eV between head-to-head and tail-to-tail walls.
Next, we consider the temperature-dependent evolution of the domain-wall signals. Figure 3 shows kinetic-energy maps obtained while heating from 160 K to room temperature. Maps of the spatial energy distribution are generated by fitting the secondary electron distribution for each pixel using a Gaussian fit function. At 160 K, pronounced energy shifts are detected, which correlate with the position of the domain walls, i.e., reduced and increased kinetic energy near head-to-head and tail-totail domain walls, respectively. With increasing temperature, the energy contrast gradually weakens until at 181 K only the head-to-head walls (blue) are resolved in the X-PEEM images. This is exactly the opposite compared to X-PEEM maps gained on ErMnO3 at room temperature (Figure 1 To understand the detected X-PEEM contrasts at low temperature, we consider the intrinsic properties of the system. Recent low-temperature EFM studies revealed the emergence of uncompensated bound charges at head-to-head and tail-to-tail walls in Er0.99Ca0.01MnO3 upon cooling 20 , caused by the disruption of the internal screening mechanism at low temperatures.
By decreasing the temperature, the spontaneous polarization of the domains increases due to the pyroelectric effect. This further increases the bound charge at both head-to-head and tail-to-tail domain walls, requiring an extra screening by mobile carriers of the bulk domains. As the effectiveness of the bulk screening is determined by mobile carriers, the screening mechanism can be disrupted due to a deficiency of mobile carriers below some characteristic temperature * (note that the carrier density ℎ in the p-type semiconductor Er0.99Ca0.01MnO3 decreases exponentially, i.e., ℎ ∝ exp [− / ], where is the Boltzmann constant and the distance between the Fermi energy and the top of the valence band) 20 . After cooling to < * , electrostatic equilibrium is no longer reached within the timeframe of the experiment so that extra domain-wall charges remain uncompensated, leading to pronounced electrostatic fields.
In order to test whether such uncompensated domain-wall charges can explain the low-temperature X-PEEM data, we build a model that combines previous calculations of the formation 29 of domains and domain-wall bound charges 20 in hexagonal manganites, assuming the same bound charge screening behavior at head-to-head and tail-to-tail walls. For > * , the material is in electrostatic equilibrium and we expect a mostly flat surface potential, which is consistent with the experimental result in Figure 1(d) . At < * , however, uncompensated charges appear at the domain walls with maximal surface density = ±2 ( * − ), where p is the pyroelectric constant. The latter generates an electric potential ( , ) at the surface that shifts the kinetic energy of emitted electrons by − ( , ). Figure 4 shows a Landau-theory-based simulation that illustrates the typical distribution of charged walls in hexagonal manganites 16 (Figure 4(a) ) and the corresponding electric potential ( , )
for incomplete screening (Figure 4 To show the importance of uncompensated bound charges we make a numerical comparison of the simulated domain-wall contrast with the recorded X-PEEM data, focusing on regions with parallel domain walls. Figure 5 (a) presents the relative energy shift of electrons emitted from tail-to-tail and head-to-head walls at different temperatures, corresponding to the crosssection marked in the inset to Figure 5 (b). Figure 5 (a) shows a pronounced asymmetry between head-to-head and tail-to-tail walls concerning the sign and magnitude of the detected energy shift, as well as its thermal evolution. The observed saw-tooth profile resembles the classic evolution of the electric potential between charged capacitor plates and its magnitude steadily increases as the temperature decreases. In Figure 5 (b), we compare the thermal evolution of the minima (head-to-head) and maxima (tail-to-tail) in Figure 5 (a) with the temperature scaling behavior expected from the model of a plate capacitor, assuming the same maximum density of domain-wall surface charge σ as before. Dashed lines in Figure 5 (b) are fitted to the X-PEEM data with − Δ = ± ( * − ) 2 ⁄ , where L is the distance between the domain walls and ϵ is the dielectric constant (we note that the data point obtained for the head-to-head wall at 160 K is not considered for the fit as the line plot in Figure 5 (a) indicates substantial interference with the signal associated with the tail-to-tail wall). Using L = 800 nm and ϵ = 13ϵ0, 30 we extract the hypothetical pyroelectric constant of the material, p = 2.5 nC⁄(cm 2 K). This value is in remarkable agreement with literature data for the pyroelectric constants in other manganites [p(HoMnO3) = 0.6 nC⁄(cm 2 K) 31 , p(YMnO3) = 3 nC⁄(cm 2 K) 32 ], which corroborates our bound-charge model. Furthermore, the observed persistence of contrast at the headto-head domain walls towards higher temperatures than for the tail-to-tail walls, and their overall offset of the energy shift ( -0.4 eV), are in qualitative agreement with the variations of the surface electric potential due to the hole depletion layer surrounding them 9, 20 (see Supporting Note 2 for details). Interestingly, the extracted * = 175 K is higher than in previous EFM experiments ( * = 120 K 20 ), suggesting that X-PEEM is the more sensitive technique for electrostatic potential mapping. This higher sensitivity can be partially attributed to the fact that, in contrast to the electric far fields probed in EFM (typical distance d  30 nm), the much stronger electric field at the sample surface (d  0) is responsible for image formation in X-PEEM 22 .
Differences in the environmental conditions are another important factor: While the EFM data in ref. 20 has been recorded in He gas (20 mbar), X-PEEM is performed under ultrahigh vacuum (6  10 -10 mbar), which reduces signal loss due to extrinsic screening by surface contamination/adsorbates. In addition, as our estimates show, surface charging and the time-dependent nature of screening disruption can contribute to the higher * , causing a shift in the order of a few Kelvin for realistic material parameters. In conclusion, the numerical comparison of simulated and recorded X-PEEM contrasts ( Figure 5 ) demonstrates that the low temperature potential maps gained on Er0.99Ca0.01MnO3 are dominated by the emergence of uncompensated domain-wall charges.
In summary, we have applied low-temperature X-PEEM to detect uncompensated bound-charges at ferroelectric head-tohead and tail-to-tail domain walls in Er0.99Ca0.01MnO3. Obtained X-PEEM maps and their temperature-dependent evolution is explained based on the charge-relaxation time and the freezing of mobile carriers at low temperature. In advantage to previously applied low-temperature EFM experiments, X-PEEM readily distinguishes between positive and negative bound charges, offering high sensitivity and substantially shorter data acquisition times. This work thus introduces X-PEEM as a valuable tool for the investigation of charged domain walls and for electrostatic potential mapping in general, expanding the limited set of imaging experiments that allows for electronic property characterization at low temperature and with nanoscale spatial resolution. 
SUPPORTING INFORMATION

Supporting Note 1: Numerical modeling of the surface potential
In order to simulate the X-PEEM response shown in the manuscript, we developed a numerical model implementing the finite-element method similar to Ref. 29 . First, we minimize the Landau potential describing the space evolution of the trimerization order parameter = ( cos Φ , sin Φ): = 2 2 + 4 4 + 1 6 ( + ′ cos 3Φ) 6 + 2 ((∇ ) 2 + 2 (∇Φ) 2 ), (S. 1)
using COMSOL Multyphisics. We start from an arbitrary smooth distribution of ( , ) with set characteristic length of variation of ( , ), and let the trimerization order parameter relax until a metastable domain structure is reached as shown in Figure 4 (a) of the manuscript. The length , translating into the characteristic domain size in the relaxed structure, was chosen ∼ 10 ×domain wall width to optimize the computation time while still maintaining the condition that the domain size is much larger than the domain wall width.
In our model, assuming the same screening behaviour at head-to-head and tail-to-tail walls, the electric potential is generated by unscreened bound charges at the domain walls, which change with temperature as ( − * ) [ is the pyroelectric constant]. Therefore, the electric potential scales linearly with temperature: ( , ) = 0 ( , )( * − ). 
Supporting Note 2: Numerical modeling of the X-PEEM response of domain walls
One can see in Figures 3 and 5 of the main text that head-to-head domain walls are detectable towards higher temperatures than tail-to-tail walls, with a ∼ 0.4 eV offset. This asymmetry is in qualitative agreement with the fact that in Er0.99Ca0.01MnO3
the bound charges at the head-to-head domain walls are screened by a hole depletion layer 9,20 , producing a ∼ 1.6 V peak of the electric potential at the domain wall. Ideally one would expect this peak to translate into −1.6 eV contrast in X-PEEM images, but as we show below, if the width of the depletion layer is smaller than the X-PEEM spacial resolution (∼ 50 nm), this peak will naturally flatten out in the images.
We develop a model where we simulate the X-PEEM response to the variations of the surface electric potential taking into account the X-PEEM spacial resolution. Focusing on flat regions of domain walls ( Figure 5 ), we assume, similar to Ref. 20, that the electric potential is generated by two sources: domain wall bound charges as discussed in the main text and in the Supplementary Note 1, and the depletion layer surrounding the head-to-head domain wall. The first mechanism produces a saw-tooth potential between the domain walls (reaching maximum value of ± ( * − ) 2 ⁄ at the walls, where is the distance between the walls), while the second produces a 1.6 V peak localized within the depletion layer of width 2 =
√2
( 2 ) ⁄ , where is the band gap and is the density of acceptorssee Fig. S.1(a) . 
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